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Abstract 
Trajectory and closed orbit measurements are vital for 
commissioning and operation of accelerators. With the 
push for high luminosities at modern colliders, the 
azimuthal bunch distribution becomes very complex, so 
that various phenomena (beam-beam forces, wake fields) 
strongly affect the orbits of individual bunches. Hence a 
system with high bandwidth capable of measuring the 
transverse position of any bunch is desirable. With the 
current techniques a bandwidth above 100 MHz can only 
be achieved by individual integration and digitisation of 
the pick-up signals. The drawback of such an approach is 
the limited dynamic range of typically 30 dB. In the 
context of the development of an orbit system for the LHC 
at CERN a high bandwidth could be achieved by 
extending the principle of phase normalisation to a wide 
band time normalisation of the position monitor signals. 
The circuit described in this paper (Wide band time 
normalizer) combines the signals of two pick-up 
electrodes with different delays and converts the beam 
position information into a pulse width modulation of the 
digital output signal. This way a bandwidth of more than 
40 MHz and a dynamic range of about 50 dB could be 
achieved. 
The paper introduces the requirements for the LHC orbit 
system, compares various technical solutions and finally 
explains the working principle of the wide band time 
normalizer including some laboratory tests results. 
LHC requirements 
For the LHC orbit system it is foreseen to install a beam 
position monitor at every second lattice quadrupole in the 
arcs. Each position monitor will read both planes. This 
adds up to about 950 monitors at cryogenic temperature. 
For the electromagnetic sensors button type monitors of 
24 mm diameter have been chosen. More details on the 
design of these buttons can be found in [1]. It should be 
clear that for such a big system a cost effective and a very 
reliable solution is desirable. Table 1 shows three 
important filling schemes of the LHC, first the so called 
"pilot" bunch, which is a bunch of low intensity such that 
it does not quench the magnets, even if it is completely 
lost within a length of a few meters. This lowest possible 
beam intensity defines the required sensitivity limit for all 
beam instruments. On the other hand there are the filling 
schemes called "nominal" and "ultimate" foreseen for 
luminosity production, i.e. 2835 bunches per ring at 25 ns 
distance. 
Table 1: LHC filling schemes and related bunch intensities 
Parameter Pilot Nominal Ultimate 
Particles/bunch 5*109 1.05*1011 1.66*1011 
No. of bunches 1 2835 2835 
Beam current 9 μΑ 0.53 A 0.85 A 
Bunch current ratio 0 dB 26 dB 30 dB 
Beam current ratio OdB 96 dB 100 dB 
The last two columns show the ratio of bunch respectively 
beam currents for these filling schemes. If the analog front 
end electronics would have a low bandwidth, such that it 
would partially or completely integrate over all bunches, 
an amplitude range of more than 90 dB would have to be 
covered. This would certainly need remote controlled 
attenuators, which we consider a source of extra cost and 
weak elements in terms of reliability. On the contrary, if 
the system can be made with a bandwidth larger or at least 
equal to the bunch spacing then only the variation in bunch 
intensity has to be taken into account. To the value of 30 
dB in table 1 about 10 dB have to be added for the 
variation of signal amplitudes as a function of beam 
position (that is what we want to measure!), such that we 
end up with a dynamic range/ bandwidth requirement of 
40 dB of dynamic range for a bandwidth of a little more 
than 40 MHz. The way it is described suggests that there 
are only technical arguments, which lead to the 
specification of 40 MHz bandwidth. But in addition a 
digitisation of the position of each bunch in the machine 
opens a wide diagnostics potential. For example due to the 
irregular filling scheme of the LHC the different bunches 
experience different beam-beam deflections and hence all 
orbits are different. Other machine physics considerations 
determine the requirements for the resolution, noise 
performance and linearity of the system. Table 2 
summarises the specifications for the electronics of the 
LHC beam position measurement system. 
Table 2: Some specifications for the electronics of the 




bandwidth > 40 MHz 
Resolution & 
noise 







< 0.1% of 46 mm 
aperture 
Orbit mode 
Linearity Better than 0.5%(1%) In 30% (50%) of 
46 mm aperture 
Possible Solutions 
Looking for a cost effective technical solution for a 
beam position measurement system we have examined 
four different analog signal treatments and the 
comparison of them is summarised in table 3. 
● Homodyne Receivers: From the signals of the two 
electromagnetic pickups a sum (Σ) and a difference 
(Δ) signal is produced by a hybrid circuit. The sum 
signal is used to demodulate the (small) difference 
signal and the position is obtained after 
digitalisation as the ratio Δ/Σ. The excluding factor 
for this technology as candidate for the LHC is 
certainly the dynamic range which due to 
technological limits stays below 30dB. Such a 
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system is used at CERN for example in the SPS 
orbit system COPOS [2,3]. 
• Individual Signal digitalisation: High bandwidth 
can be achieved by this technology. Either by signal 
integration and external gating or peak hold 
techniques the signals from the sensors are sampled 
and after the digitalisation the beam position is 
computed from the ratio (A-B)/(A+B). As such a 
system uses most of the digital resolution for the 
common mode signal, a dynamic range of about 
40 dB requires high resolution ADCs (16 bit), 
which in turn demands a reduction in bandwidth. 
Such a system is used in LEP with relay switched 
gain stages of 10 dB for all monitors close to the 
interaction points [4]. 
• Logarithmic amplifiers: As shown in table 3 the 
specifications of modern logarithmic amplifiers 
exceed in terms of bandwidth and dynamic range 
the LHC requirements. Also years ago logarithmic 
amplifiers had been proposed for the SSC [5]. After 
detailed laboratory measurements two major 
limitations were retained and logarithmic amplifiers 
are no longer followed up for the LHC system: 
a) The design of these circuits is mainly made for 
continuos wave (CW) applications in tele­
communications. In case of single shot 
applications, such as trajectories in transfer 
lines and single shot measurements in a 
collider large linearity errors occur. 
b) The logarithmic function is approximated by 
different gain stages. As result the linearity 
curve of logarithmic amplifiers shows 2-3% 
excursions at regular intervals, which are due 
to the internal structure of the chip and which 
are very difficult to correct. 
More information on these investigations can be 
found in [6,7]. 
Table 3: Summary of bandwidth/dynamic range 
performance of the different beam position electronics 
examined for the LHC system. 
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from analog circuits 
position=atan Φ 
Some MHz >50 
• Phase Processors: The pickup signals (A and B) 
stimulate oscillations in two ringing filters (burst 
filters). These signals are shifted in phase and 
recombined such that two signals A+jB and A-jB 
are produced. Further discrimination and low pass 
filtering produces a signal level for digitalisation. 
which corresponds to the value (A+jB)/(A-jB). One 
can show that the position information is contained 
in the relative phase of these signals. Due to the 
discrimination of the signals a dynamic range of 
50 dB can be achieved with standard electronic 
circuits for a filter frequency below 100 MHz. Such 
a system is used for about 440 BPM's in LEP [4]. 
Wide band time Normalization 
Depending on the input signal levels of a normalizer 
circuit (i.e. depending on the bunch intensity) the burst 
filter output signals perform about 10 to 50 full 
oscillation periods until the amplitude falls below the 
discriminator threshold. Already 10 periods are enough 
to measure the phase of these signals (i.e. the position of 
the beam). Due to speed limitations in the 
discriminators the filter frequency has to be below 
typically 200 MHz. Hence an oscillation of ten or more 
full periods exclude a bandwidth larger than a few MHz. 
During the developments described in [8] it was realized 
that the normalization principle can be extended to a 
"ringing filter" that performs only one full oscillation. 
In that case the detection of the relative signal phases is 
replaced by the detection of the time between the zero 
crossings of the two signals. 
The frequency response of the LHC button monitors 
represents already a 20 dB/decade high pass. By adding 
a simple low pass filter the required band pass function 
delivering a single oscillation can be built. 
Figure 1 shows the block diagram of the actual wide 
band normalizer circuit. The pickup signals after 
passing through a 160 MHz low pass are connected to 
the inputs. The hybrid circuits of the narrow band 
normalizer, which are needed to produce the 90 degree 
shifted signals are replaced by delay lines. The outputs 
of the recombined signals are connected again to 
discriminators. 
Figure 1: Block Diagram of the time normalizer circuit. 
The position information is obtained from the difference 
in the zero crossings of both signals. This working 
principle is illustrated in figures 2 and 3. Figure 2 shows 
the normalizer input signals for three extreme cases: 
a) beam in center (both signals equal), b) beam close to 
pickup A, c) beam close to pickup B. 
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Figure 2: Normalizer input signals (see text) 
Figure 3: Normalizer output signals (see text) 
Following the block diagram in figure 1 one can 
understand the following features of the output signals. 
The output signals C and D exhibit only a 6 dB 
amplitude variation even in the case that the beam 
moves through the entire aperture. Depending on the 
relative input amplitudes the output signals shift in their 
time of the zero crossings by a total amount equal to the 
delay time T0 in the normalizer. All further technical 
details, like the choice of the delay time, the choice of 
the input filters and details on the signal discrimination 
can be found in [8,9]. 
First Performance tests 
Figure 4: Linearity plot for three input signal levels 
By a modification of an LEP narrow band normalizer 
the performance of the new circuit was tested in the 
laboratory. The measured linearity curve for central 
beam position (A and Β signal equal) is shown in fig. 4. 
In this figure the x-axis runs from 0 to 2.0, which means 
a normalised beam position between 0 and two times 
the chamber radius. For a dynamic range of 40 dB the 
linearity is already on the +/-5% level without 
correction. As all curves follow a 'S'=shape the 
linearity can be corrected independently on the signal 
level and after correction a linearity better than 1% is 
achieved within 50% of the vacuum tube (x=0.5 to 
x=1.5 in fig.4). 
Conclusions 
For the LHC orbit system we have found our "holy 
grail" in form of the wide band time normalizer circuit. 
This design is simple, cheap, easy to build and we have 
10 years in-house experience with a similar circuit. It 
provides the required dynamic range of 40 dB at 
80 MHz bandwidth. An important message for other 
accelerator laboratories is that by simple redesign of the 
input low pass filter and by scaling of the delay lines 
this circuit can be adapted to bunch length from 
centimeters to about 3 meters, it works on single 
bunches up to 25 ns bunch spacing and it can take input 
signals from button pickups, strip line couplers or 
electrostatic plates. 
References: 
[1]C. Bovet et al, LHC BPM design. Proceedings of the 
3rd European Workshop on Beam Diagnostics and 
Instrumentation for Particle Accelerators (DIPAC). 
p 64ff, LNF-INFN Frascati, Italy. 12-14 October 1997, 
LNF-97/048(IR). 
[2] R. Bossart. J.P. Papis. V. Rossi. Synchronous 
Receivers for closed orbit measurement of single 
bunches. SPS/ABM/83-103. 
[3] R. Bossart, J.P. Papis. V. Rossi, Synchronous Rf-receivers 
for beam position and intensity measurements 
at the CERN SPS collider. CERN/SPS/85-26 (ABM). 
[4] J. Borer. D. Cocq. A. Manarin. G. Vismara. The 
second generation and optimized beam orbit 
measurement (BOM) system of LEP, proceedings of the 
2nd European Workshop on Beam Diagnostics and 
Instrumentation for Particle Accelerators (DIPAC). 
Lübeck-Travemünde. DE. 28-31 May 1995. 
[5] RE. Shafcr. Beam Position Monitoring. Workshop 
on Accelerator instrumentation. BNL. 1989. 
[6] L. Vos. Signal Processing for Beam Position 
Measurements. CERN-LHC Project Note 94. 
[7] G. Vismara. Logamp Studies for LHC. CERN-SL-BI 
internal note. 
[8] D. Cocq. The Wide Band Normaliscr-a New Circuit 
to Measure Transverse Bunch Position in Accelerators 
and Colliders, submitted and accepted to NIM. 
CERN-SL-97-74 (BI). 
[9] D. Cocq. G. Vismara. From Narrow to Wide Band 
Normalization for Orbit and Trajectory measurements. 
Proceedings on the 8th Beam Instrumentation Workshop 
(BIW). SLAC. 4-7 May 1998. CERN-SL-98-063 (BI). 
348 
